Revegetation efforts generally have failed to establish substantial cover on bentonite mine spoil, but certain amendments have shown promise for improving spoil as a plant growth medium. These growthpromoting improvements were at least partially the result of effects of these amendments on spoil chemistry. We undertook this study to determine the effects of selected amendments (gypsum, fertilizer, and wood residue with N) and combinations thereof on several chemical properties of spoil. Amendment with wood residue with N increased the effects of either fertilizer (N, P, and K) or gypsum. Amendment with gypsum increased the level of soluble salts. Each amendment had chemical effects that would improve spoil as a plant growth substrate with the possible exception of increased salinity associated with gypsum.
1977; Bjugstad et al. 1981; Uresk and Yamamoto 1986) . High percentages of expansive clays (montmorillonite) dominate spoil and can damage root systems and restrict infiltration. Spoil may already be low in some plant nutrients (Dollhopf and Bauman 1981; Smith 1984 3 ; Voorhees et al. 1991) , and in some cases may contain potentially toxic levels of some elements (Dollhopf and Bauman 1981, Voorhees 1990) .
Revegetation efforts generally have failed to establish substantial cover on bentonite mine spoil (Hemmer et al. 1977; Dollhopf and Bauman 1981; Sieg et al. 1983 ), but certain amendments have shown promise for improving spoil as a plant growth medium. Amendment with sawdust, for example, has been shown to increase the survival rates of certain trees, forbs, and shrubs (Uresk and Yamamoto 1986) . Dollhopf and Bauman (1981) observed that the addition of woodchips to bare spoil was second only to topsoil application for increasing plant establishment and growth in the first year. Smith et al. (1985) observed similar results when wood residue had been used as a spoil amendment.
Gypsum ( CaSO 4 l 2H 2 0) has traditionally been used to improve sodic media for plant growth (Richards 1954) . However, its effectiveness on bentonite mine spoil is expected to be limited where deep percolation and drainage are restricted by low rainfall, high percentages of expansive clays, and sodicity.
The objective of our study was to determine the effects of the amendments (gypsum, fertilizer, and wood residue with N) and combinations of these amendments on several chemical properties of spoil.
METHODS

Site Location
The study area is west of the central Black Hills on the Mowry Shale formation, approxi-mately 2 kilometers northwest of Upton, Wyoming. Vegetation of this region is generally big sagebrush (Artemisia tridentata) grassland with scattered stands of ponderosa pine (Pinus ponderosa). Sites on the area had been mined at various times since 1928 with little to no vegetation on the spoils. The sparse vegetation on spoils primarily consists of rillscale (A triplex suckleyi). Elevation is approximately 1290 m, and average annual precipitation is about 370 mm with 60% of the precipitation falling during the growing season from May through August (NOAA 1983) .
Amendment application
We selected a level area on abandoned bentonite mine spoil that had been mined sometime before 1968 (Voorhees et al. 1987) . The study site was rototilled to a depth of approximately 5 cm. We implemented a factorial study design that contained eight treatments including a control, each of the three amendments (gypsum, fertilizer, wood residue with N) used alone, and all possible combinations of the three amendments. Each treatment combination was replicated three times in April of 1981 using a total of 24 plots. The plots had dimensions of 60 cm by 150 cm.
Gypsum was applied within tilled depth at the rate of 31 megagrams per hectare. This quantity of gypsum was adequate to replace 8 meq of Na per 100 g of spoil to 30 cm spoil depth.
The fertilizer amendments comprised applications of 114 kg N ha -1 , 23 kg P ha -1 , and 50 kg K ha -1 by surface broadcast as ammonium nitrate, diammonium phosphate, and potassium chloride, respectively.
The third amendments were wood residue with N, added in the ratio one part wood residue to two parts spoil (by volume) to 5 cm spoil depth, about 48.5 megagrams per hectare. Inorganic nitrogen (as NH 4 NO 3 ) corresponding to 0.6% of wood residue (by field dry weight) was added to the wood residue before incorporation into the spoil to prevent a large C-to-N ratio and consequent microbial immobilization of available N.
Spoil analysis
Samples of spoil material were collected at depth increments of 0-10 cm and 10-20 cm immediately before and 3 months after treatment (1981) to evaluate the short-term effects of spoil amendments and amendment combinations on spoil chemistry. Sampling of spoil material was done again 2 years later for posttreatment evaluations. Determinations for levels of most elements (B, Cd, Cu, Fe, Pb, Mn, MO, Ni, P, K, Na, and Zn) in spoil were made using (1) an ammonium bicarbonate diethylenetriamine pentaacetic acid (AB-DTPA) extract (Soltanpour and Schwab 1977) and (2) inductively coupled plasma atomic emission spectrometry (ICP-AES) (Jones 1977) .
Saturated paste extracts were difficult to prepare because of the extremely high and variable saturation percentages of spoil. Therefore, electrical conductivity (EC) and levels of soluble Ca, Mg, and Na were measured in a 1:5 spoil extract using ICP-AES.
Sulfate content of spoil was measured using a turbidimetric method (Rhoades 1982a) . Total N was determined with the semimicro-Kjeldahl method modified to include nitrates (Bremner and Mulvaney 1982) . The pH was measured on a 1:5 spoil extract. Cation exchange capacity (CEC) was determined using the sodium acetate method (Rhoades 1982b) .
Statistical analysis
Similarity of the means between depths for each property of pretreatment spoil was tested using t-statistics (Engelman 1981) . A separate comparison of each spoil property as affected by amendments and their interactions was conducted using factorial analysis of variance and covariance (Steel and Torrie 1980) . The covariant analysis was used to adjust the means of each spoil property for differences in pretreatment levels of that property, whereas the factorial analysis of variance was used to determine the effect of amendments and their interactions on each spoil property. Differences were accepted as significant at the 0.05 probability level.
RESULTS AND DISCUSSION
Preamendment spoil characteristics
The total N level of unamended spoil was 0.5 p8-l at soil depth 0-10 cm and 0.4 pg kg-1 at 10-20 cm (Table 1) . Nitrogen levels of spoil were low when compared with soil of some major world ecosystems (Charley 1977) . Extractable P, K, Zn, Cu, and Mn content of spoil appeared adequate when compared with tables for soils from native and improved rangelands (Soltan- N, extractable P, and extractable K in spoil from plots that had been amended with wood residue with N was 86, 40, and 33% higher, respectively, than the means for spoil from plots that did not receive this amendment (Table 2) . Similarly, mean total N, extractable P, and extractable K from spoil amended with fertilizer (N, P, and K) was 38, 85, and 35% higher, respectively, than the mean from spoil that was not amended with fertilizer (Table 3) . Levels of N and K in spoil have been positively correlated with standing crops of plants growing on spoil (Voorhees et al. 1990 ).
The interaction between wood residue with N and fertilizer (N, P, and K) amendments at O-0-10 10 cm spoil depth indicated that some N, P, and K was lost or became indetectable when added without the wood residue amendment. Mechanisms for these losses included loss of fertilizer in runoff, gaseous losses (NH 3 , N 2 ), leaching below 10 cm, fixation of NH 4 + -N and K ions in the structure of clay minerals, and fixation of P mostly as calcium phosphates. Loss of fertilizer in runoff is most likely because wood residue amendment has been shown to increase infiltration on bentonite mine spoil (Voorhees 1986) .
The wood residue with N amendment nearly doubled total N at lo-2 0 lo-20 cm spoil depth compared with plots that did not receive this amendment (Table 2) . 2
). The fertilizer (N, P, and K) amendment increased the concentration of total N and extractable P and K at 10-20 cm depth in spoil by 40, 78, 40, 78 , and 22% respectively, compared with plots that did not receive the fertilizer (N, P, and K) amendment (Table 3) .
Nitrogen concentrations of spoil treated with both wood residue with N and fertilizer (N, P, 14 and 23%, respectively, when fertilizer (N, P, and K) amendments, were 1.6 and 0.9 pg/g at and K) was added. 0-10 cm and 10-20 cm, respectively. This level of N is generally sufficient to support rangeland vegetation. Nitrogen levels of spoil that resulted from treatment with the wood residue with N amendment (alone or in combination with other amendments) averaged 1.3 and 0.7 pg/g at 0-10 cm and 10-20 cm depths and appeared adequate to support a community of annual halophytes (Charley 1977) ; assessment of plant available N would be necessary to be conclusive.
The use of a fertilizer (N, P, and K) amendment alone or in combination with other amendments resulted in an increase in the extractability of Zn and Cd in surface layers (Table 3) . Zinc and Cd extractability were increased by about Amendment with wood residue with N (alone or in combination with other amendments) resulted in alteration of the extractable concentrations of several metals in spoil (Table 2) . Changes in the levels of metals were expected to have little if any effect on plant growth, although growth of rillscale has been positively correlated with spoil Ni, Cd, Cu, and Mn, and negatively correlated with Pb (Voorhees et al. 1987; Voorhees et al. 1991) . Increases in the concentrations of Cd and Ni at 0-10 cm spoil depth amounted to 42% for Cd and 31% for Ni. The formation of stable chelates of low solubility probably were responsible for the decrease in the extractability of Zn and Pb at 10-20 cm spoil depth as a result of amendment with wood residue with N ( Table  2) . Additions of gypsum, with or without other amendments, resulted in an increase in Mn extractability (Table 4) . A decrease in the extractability of MO at the 10-20 cm depth when spoil was amended with wood residue with N (alone or in combination with other amendments) (Table 2) probably resulted from the formation of stable organic complexes. Such a decrease may affect forage quality, and biomass production has been negatively correlated with levels of spoil molybdenum (Voorhees et al. 1991 ).
An interaction was observed between the effects of the wood residue with N amendment and the fertilizer (N, P, and K) amendment on B concentration at the 10-20 cm depth. This interaction was expressed as a disproportionately small decrease in extractable B when both fertilizer (N, P, and K) and wood residue with N had been applied compared with the addition of either of these two amendments without the other.
Gypsum amendments with or without amendments of fertilizer (N, P, and K) or wood residue with N increased the concentration of SO 4 -2 in spoil ( Table 4) . Other effects of gypsum on spoil materials were a decline in the SAR at 0-10 cm, an increase in the concentration of soluble salts (EC) at both depths, and an increase in soluble Na at the O-10 cm depth of spoil (Table 4 ). An increase in SAR of spoil has been associated with increased plant growth (Voorhees et al. 1991) .
Increases in the levels of soluble salts that resulted from addition of gypsum (p = 0.006) could potentially increase the stability of spoil structure (Marshall and Holmes 1979) . However, an increase in the level of soluble salts above the levels present in unamended spoil would reduce the benefit of improved structural stability for growth of most plants.
Increases in soluble Ca at both depths of sampled spoil evidenced solubilization of amended gypsum and leaching of solubilized products below the depth of incorporation of the amendment. Soluble Mg and soluble Na were increased only at 0-10cm. These results indicated that gypsum had been solubilized and effectively displaced significant amounts of Na on the exchange complex at 0-10 cm depth. At the010-20 cm spoil depth, though solubilized gypsum was present, insignificant amounts of Na had been displaced. Alternatively, Na displaced at 10-20 cm had migrated upward. Increases in levels of soluble Ca have been shown to increase plant growth (Voorhees et al. 1 99 0), 1990), but these were partially offset by an increase in concentration of SO 4 -2 (61% at 0-10 cm and 74% at 10-20 cm). The gypsum amendment was necessary for significant increases in soluble Ca at 0-10 cm spoil depth. The combination treatment with all three amendments (gypsum, wood residue with N, and fertilizer (N, P, and K)) resulted in a disproportionately large increase in quantities of soluble Ca at 0-10 cm depth. This interaction was an expression of several processes. The solubilization of gypsum was accentuated by increased spoil permeability that resulted from addition of wood residue (Voorhees 1986) and by increased structural stability that resulted from addition of wood residue and fertilizer salts. The diverse ion effect accounted for some increase in soluble Ca. Dissociation of Ca precipitates was increased when diverse ions added in the wood residue with N and fertilizer (N, P, and K) amendments shielded the ionic products of dissociation (Christian 1980) . Because the increase in solubility is greater for compounds of higher valence, the increase in soluble Ca was greater than that of other ions.
SUMMARY
Unamended spoil was highly saline and sodic but appeared to have adequate supplies of most nutrients for plant growth with the exception of N. Amendment with wood residue with N was important for increasing the effects of either fertilizer (N, P, and K) or gypsum amendments, although it did not result in changes that would clearly favor plant growth with the exception of an increase in N. If N, P, or K were limiting to plant growth on spoil, then the combination treatment of wood residue with N and fertilizer (N, P, and K) amendments would be effective for increasing plant growth.
The wood residue with N amendment increased water infiltration into spoil as indicated by increased solubilization of gypsum. This would be important for improvement of water relations of plants growing on spoil. Amendment with gypsum increased the level of soluble salts and would have stabilized spoil structure as a consequence. However, an increase in salinity above levels found in unamended spoil would have a negative effect on growth of most plant species; this would offset the positive effect of a more stable structure, although salt tolerant species may benefit (Voorhees et al. 1991) . The effectiveness of gypsum was limited by low rainfall and low permeability of spoil as demonstrated by the interaction between the gypsum amendment and other amendments that improved spoil structure, infiltration rate, and permeability. Application of appropriate irrigation techniques after amendment with gypsum would be expected to have a greater effectiveness.
In conclusion, although the significance of these effects for revegetative success is unknown, each of the amendments evaluated had chemical effects that would improve spoil as a plant growth substrate with the possible exception of increases in salinity associated with gypsum.
